In cryo-electron microscopy (cryo-EM), vitreously frozen biological specimens can tolerate only a limited electron dose for imaging. Therefore, cryo-EM micrographs display weak contrast and a poor signal-to-noise ratio. This limits data interpretability and prevents efficient application of cryo-EM to a wider range of biological problems. Continued efforts have been invested in imaging methods using phase plates for cryo-EM, as this technique can offer greatly enhanced image contrast [1] [2] [3] . While various types of phase-plate are under development, Zernike-type phase-plate imaging has been successfully applied to a number of cryo-EM studies in both single-particle and electron tomographic studies [4] [5] [6] [7] [8] [9] .
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With typical Zernike-type phase plates, the abrupt edge of the phase-plate central hole (at the so-called "cut-on") results in fringes surrounding high-contrast objects and contrast inversion at the middle of large objects [10] . Based on simulation, it is suggested that the suitable object size for Zernike-phase-contrast imaging should be smaller than half of the cut-on periodicity [11] . Such a requirement limits the application of Zernike phase-contrast imaging in cryo-electron tomography which generally involves larger-sized objects.
Using Zernike phase-contrast imaging, we carried out a tomographic study of vitreously frozen radial spokes associated with microtubule doublets from Chlamydomonas. The radial spoke is an important structural component in the axoneme and regulates the beating motion of motile cilia and flagella. Its structure has been studied by cryo-electron tomography using defocus phase-contrast imaging [12, 13] . The structural map displays a T-shaped configuration, with a ring-like "head" towards the central-pair complex at the center of the axoneme, and a long "stalk" attached to the peripheral microtubule doublets. The length of the head and stalk together is about 43nm. In our study, we used a Zernike phase plate with a cut-on periodicity of 43 nm, the same as the length of the radial spoke.
Zernike phase-contrast imaging significantly improved micrograph contrast compared to that obtained by defocus-phase-contrast imaging [14] . Tomographic tilt series images were aligned and reconstructed. In the resultant tomogram, arrays of radial spokes complexes are clearly visible on the microtubule doublets without any image processing or contrast enhancement. The structural map of radial spokes was obtained by sub-volume averaging. The map agrees very well with the results published previously [13, 15] . However, the fringes caused by the cut-on of the Zernike phase plate introduced obvious artifacts in the density map. We have used two methods of de-fringing to correct the artifacts in the micrographs of the tomographic tilt series. Both methods corrected the artifact to our satisfaction. Our results demonstrate that fringe reduction by image processing can help to correct artifacts in the structural maps, and is important in cryo-electron tomography using Zernike phase-contrast imaging.
